Pulmonary infection with
studies have yielded valuable information but lack important features of the in vivo situation: a blood supply and the ability to attract and become infiltrated with acute inflammatory cells. Transgenic mice without a functional CF transmembrane conductance regulator (CFTR) do not display the unique susceptibility to persistent respiratory infection that characterizes the disease in humans [4, 5] , and DF508 mice efficiently kill inhaled bacteria [6] . Instillation of P. aeruginosa enmeshed in agar beads into the airways of normal adult rats produces a chronic infection [7] but involves normal rodent epithelium (not human) and is dependent on the foreign body (agar).
In this study, we used a xenograft model containing human respiratory epithelium to test that tissue's susceptibility to infection with P. aeruginosa. CF-affected and non-CF-affected respiratory epithelial cells were used to repopulate a tracheal matrix placed subcutaneously in nu/nu mice. By using xenografts repopulated with normal or CF human respiratory epithelium, we tested varying P. aeruginosa strain PAK inocula for their ability to colonize the tissue and several isogenic mutants for their ability to replicate in vivo in xenografts with normal respiratory epithelium.
Materials and Methods
Experimental design. Bilateral tracheal xenografts were established in nu/nu Balb/C mice by using denuded rat tracheal matrix repopulated with either CF or non-CF respiratory epithelium. Xenografts were prepared with minor modification of the method described by Engelhardt et al. [8] . A repeatedly frozen and thawed rat tracheal segment was debrided and implanted subcutaneously into each flank of female nu/nu BALB/c mice (Taconic; figure 1 ). The tracheal matrix and attached tubing then were inserted through the tunnel such that the trachea and the stent were buried subcutaneously and the silastic tubing exited both incisions for 10-15 mm, leaving the xenograft open to air at both ends. Two to 5 days after implantation, the tracheas were seeded with ∼ tracheal, 6 1 ϫ 10 bronchial, or nasal epithelial cells expanded in vitro from a patient with or without CF. Each mouse had 2 xenografts. In most cases, one was repopulated with normal respiratory epithelial cells and the other with CF respiratory cells. Xenografts were studied a minimum of 3 weeks after seeding with respiratory epithelial cells.
Before bacteria inoculation, samples of xenograft effluent were collected and stored at Ϫ70ЊC, to determine whether mucin was present. After SDS-PAGE was used to separate effluent, Western blot analysis was done, using horseradish peroxidase-conjugated wheat germ agglutinin (WGA) and detection with 4-chloro-1-naphthol and H 2 O 2 (Kirkegaard & Perry). WGA has affinity for acetylb-D-glucosaminyl epitopes present in mucin. Mucin was defined as present if the flush solution contained a band with a mobility у200 kDa and if it stained with Coomassie blue and bound WGA. All xenografts used to collect these data were judged to be successfully repopulated with human respiratory epithelial cells on the basis of the presence of mucin in effluent or histologic confirmation of a pseudostratified columnar epithelium at the time of removal or both.
Mucin-producing xenografts were inoculated with a known quantity of P. aeruginosa PAK or with 1 of several PAK mutants. Five days after bacteria inoculation, xenografts were removed and were processed for quantitative bacterial culture, histologic examination, and myeloperoxidase (MPO) activity measurement. Before inoculation, each xenograft was flushed with 200 mL of PBS; 50 ml-aliquots were plated onto a Luria agar (LA) plate, a Cetrimide (Cet) agar plate, and a mannitol-salt agar (MSA) plate. If any growth was found on any of these media, the xenograft was considered to be contaminated and was not used for study. At the time of xenograft harvest, we plated 100 mL of the xenograft undiluted homogenate on LA and MSA; if growth was observed on either medium, the xenograft was scored as contaminated and was not used. The overall pre-and postinoculation xenograft contamination rate was 22%.
Materials. Unless otherwise noted, all reagents and chemicals, including histologic fixatives, were purchased from Sigma Chemical. P. aeruginosa PAK and the mutant derivations pilA Ϫ [9] , rpoN Ϫ [10] , and fliF [11] have been described elsewhere.
Primary respiratory epithelial cells. Normal human bronchial epithelial (NHBE) cells were purchased from Clonetics or were obtained in the same manner as CF tissues. CF-affected respiratory epithelium was obtained from fresh tissue procured at autopsy or during removal of nasal polyps. In brief, cadaveric tracheas were harvested within 24 h of death, adventitial tissue was mechanically removed, and tracheas were rinsed in sterile PBS. Tracheas were cut into small sections and were placed in Ca ϩϩ and Mg ϩϩ modified Dulbecco's modified Eagle media (DMEM) with 2 mg/mL of dispase, 2.5 mg/mL of amphotericin, 500 mg/mL of ceftazidime, and 100 mg/mL of amikacin at 4ЊC overnight. Epithelium was removed by gentle mechanical scraping, and released epithelial cells were washed with Ca ϩϩ and Mg ϩϩ free Hanks' balanced salt solution (HBSS), and cell pellets were briefly treated with 0.25% trypsin/ EDTA to disperse cell clumps. Nasal polyps were removed from an anesthetized patient by aspiration, were cut with a 4.2-mm Fess blade (Rhinotec; Linvatec), and were irrigated with sterile normal saline. This procedure produces 1-2 L of normal saline containing tissue fragments 1-3 mm in diameter. The supernatant was decanted, and the tissue fragments were pelleted at 500 g at 4ЊC. They were resuspended in DMEM containing antibiotics (as above) and again were pelleted. After resuspension in DMEM containing dispase, they were processed in a manner identical to that of a tracheal epithelium. Cells derived from tracheas or polyps were washed a final time with HBSS and were plated on human placenta collagencoated tissue culture flasks in bronchial epithelial cell growth medium (BEGM) media (Clonetics).
Primary cells were maintained in plastic tissue culture flasks in a humidified 5% CO 2 environment at 37ЊC with serum-free BEGM media. At about 75% confluence, cells were either passaged or seeded into a xenograft. Cells were never passaged 12 times before use in xenografts. All cells used in the xenografts were screened by Genzyme for the 20 most common CFTR mutations. No CFTR mutations were found in the 4 donors of "normal" respiratory epithelial cells. Three CF tissues were homozygous for DF508 and 1 was DF508/G551D. Bacteria inoculation. P. aeruginosa PAK or the derivatives with insertional inactivation of rpoN, pilA, or fliF were grown at 37ЊC overnight on Cet agar plates. Colonies were harvested from the plates and were suspended in Luria broth to A 600 of 0.2 ( 8 3 ϫ 10 to cfu/mL). We made serial dilutions in PBS to obtain a 8 5 ϫ 10 predetermined estimated bacterial density; quantitative cultures of the inoculum on Cet agar were done to confirm the actual bacterial density. A 50-mL bacterial suspension was instilled into the lumen of the tracheal xenografts with a Hamilton syringe, and grafts were maintained without flushing for 5 days before harvest.
Xenograft harvest. Xenografts were removed aseptically after mice were killed with CO 2 . A 2-3-mm-wide tracheal ring was removed from the middle of the graft for histologic assessment. This section was placed in freshly prepared 2% paraformaldehyde fixative and then was embedded in a routine manner in either paraffin or JB-4 methacrylate resin (Electron Microscopy Sciences) for histologic examination. These sections were stained with hematoxylin-eosin or toluidine blue and were examined by light microscopy.
Tracheal grafts and their homogenates were kept on ice during processing. The remaining trachea was minced with scissors and was homogenized with a standard clearance Potter-Elvehjem homogenizer, and then was quantitatively cultured in triplicate on Cet agar, LA agar, and MSA plates. Serial 100-fold dilutions of the homogenate were done, and 0.1 mL of each dilution was spread over the surface of the same agar plates. All media were incubated 18-24 h at 37ЊC before colonies were counted. The LA and MSA plates were used to assure that bacterial species other than P. aeruginosa had not contaminated the xenografts; grafts with 1100 colonies of contaminating bacteria in 0.1 mL of undiluted homogenate were not used in data collection.
Magnitude of inflammation. The intensity of neutrophilic inflammatory response was quantified by assay of total xenograft MPO activity [12] . After obtaining aliquots of tracheal homogenate for culture, the remaining homogenate was processed to extract MPO in 1.5 M NaCl and was frozen at Ϫ70ЊC. The extract was thawed at room temperature, and dilutions were added to a mixture of odianisidine, glucose, and glucose oxidase at 37ЊC, as described elsewhere [12] . In a separate series of experiments, 0.5 mL of 5% casein in PBS was injected into the peritoneal cavity of 6 Balb/C nu/nu mice. Ascitic fluid was harvested 18-24 h later, was processed as above, and was assayed for MPO activity. An aliquot of the ascitic fluid was used to quantify total cells, while a Diff-Quick smear and microscopic examination was used to enumerate the percentage of granulocytes. From these data, we constructed a standard curve relating MPO activity to mouse granulocyte density. The number of granulocytes is expressed as the density per xenograft.
Asialyl GM1 presence. To determine whether there was a relationship between cell surface asialyl GM1 content and susceptibility to P. aeruginosa PAK infection, several tracheal segments were stained for asialyl GM1 and were evaluated semiquantitatively. To stain sialic acid glycoconjugates, sections were incubated in 100 mg/mL of fluorescein-conjugated SNA-I (Sambucus nigra bark or elderberry agglutinin; Vector Laboratories) specific for aNeurNAc (2r6) galNAc for 3.5 h at room temperature. To detect bGal (1-3) GalNAc binding sites present on asialyl GM1 and other glycoconjugates, sections were incubated with 20 mg/mL biotinconjugated PNA Arachis hypogaea (peanut agglutinin; Vector) at room temperature in buffer HWB (70 mM NaCl and 30 mM HE-PES [pH 7.4]) for 3.5 h. After a wash with HWB, the sections were further incubated in 32 mg/mL streptavidin-conjugated rhodamine (Jackson Immunoresearch Laboratory) in HWB for an additional 3.5 h at room temperature. After extensive rinsing, coverslips were placed over sections; Mowiol was used as a mounting medium. As a control, selected sections were incubated overnight with 100 mL of a 50-U/mL solution of neuraminidase (type V from Clostridium perfringens; Sigma) in buffer (50 mM of sodium acetate, 110 mM NaCl, and 4 mM CaCl 2 [pH 5.0]) at 37ЊC before lectin staining. We did not dually label sections that had not been treated with neuraminidase, because the intense labeling of fluorescein-conjugated SNA-I caused bleeding into the rhodamine-PNA channel and prevented unequivocal demonstration of PNA binding. All sections were examined by laser scanning confocal microscope (Biorad MRC600) coupled to a Nikon Diaphot microscope.
Statistical analysis. The ID 50 inoculum results in 50% of xenografts becoming infected. We sought to estimate the ID 75 and ID 95 by logit analysis [13] . However, this computer-based method required considerably more data points to reliably calculate this parameter, particularly at lower inocula; therefore, we calculated the ID 95 by extrapolating from the relationship of the frequency of infection to the inoculum on log-linear regression. The means of the P. aeruginosa density 5 days after inoculation and the concomitant granulocyte density in CF versus normal epithelium were compared by using Student's t test. In cases where variances were unequal by Levene's test, data were compared by Mann-Whitney U-Wilcoxon rank sum test. For all data analyses, we used SPSS software (version 6.1 for Windows) [14] .
Results

Assessment of individual xenografts.
Repopulated xenografts developed a heterogenous pseudostratified columnar epithelium that included both ciliated cells and mucin-filled goblet cells (figure 2). In some cases, the epithelium was interspersed with patches of nonciliated stratified cuboidal epithelial cells. Of 86 xenografts seeded with normal human respiratory epithelial cells, 69 were suitable for study (i.e., met histologic criteria for repopulation or produced mucin and were not contaminated). Of 34 xenografts inoculated with CF respiratory epithelial cells, 25 met these inclusion criteria. Both ciliated and goblet cells were readily identified histologically in both types of xenografts. There was no discernible histologic difference in the cell types or numbers between the normal human and CF xenografts. In the absence of bacterial infection, few acute inflammatory cells were observed, but, in the presence of persistent bacterial infection, abundant purulent exudate could be identified both grossly and on microscopic examination of the fixed sections ( figure 3) . Likewise, mucus could often be visibly recognized as imparting a viscous nature to the xenograft effluent and was present in effluent collected before bacteria inoculation. There were several cases in which mucus was present in a given xenograft effluent on a given day but was not detectable on subsequent days.
Comparative susceptibility to infection by P. aeruginosa PAK. ). However, we must emphasize that this is an approxi-P p .5 mation, because we never defined the inoculum that resulted in infection !80% of the time.
Sialyl and asialo epitopes on epithelium. Lectins specific for sialyl and asialo epitopes were used to stain sections from CF and normal respiratory epithelial xenografts that did (3 NHBE and 3 CF) or did not (3 NHBE and 1 CF) develop P. aeruginosa PAK infection. The sialic acid-specific lectin SNA-I usually stained the entire apical membrane of all respiratory epithelial cells in both types of xenografts, regardless of whether they developed infection after inoculation ( figure 4A and 4E ). PNA labeling of adjacent sections showed no evidence of asialyl GM1 binding sites ( figure 4B and 4F ). Even in 2 instances in which SNA-I staining of the apical membrane was more sporadic, there was no significant increase in PNA binding to asialo epitopes in regions unstained by SNA-I. Selected sections of each tissue were treated with neuraminidase, which abolished SNA-I binding ( figure 4C and 4G ) and resulted in PNA-I staining predominantly of intracellular granules at the apical pole of many epithelial cells in both normal and CF xenografts but no apical membrane glycoconjugates ( figure 4D and 4H ).
Severity of P. aeruginosa PAK infection in normal and CF xenografts.
We reasoned that an increased severity of infection would be reflected in a greater number of polymorphonuclear leukocytes (PMNL) infiltrating the xenograft. We estimated granulocyte density by measuring the activity of MPO, an enzyme specific to those cells. Comparison of the MPO activity in extracts of xenograft homogenates to the activity in similar extracts of casein-elicited mouse peritoneal leukocytes permitted estimation of the xenograft PMNL content. We found that the total number of PMNL in the P. aeruginosa PAK-infected normal xenograft was greater (mean, 3 cfu per xenograft. Having recognized that inocula 7 2.27 ϫ 10 as low as 10 2 cfu of PAK would permit colonization and replication of normal human xenografts, we used a higher inoculum for all the mutants ( figure 5 ).
Of the mutants examined, only the one that did not produce RpoN was clearly attenuated in virulence (figure 5). In only 1 xenograft, inoculated with cfu, were organisms re- 6 6.0 ϫ 10 covered at a slightly greater density, cfu per xenograft. 7 1.0 ϫ 10 All other inocula of the rpoN mutant, even as high as cfu, resulted in the recovery of fewer organisms or 6 2.2 ϫ 10 the xenograft was sterile (figure 5). Despite these large differences, the variances were not equal ( , Levene's test) P p .067 and the difference were not statistically significant ( , P p .22 Mann-Whitney-Wilcoxon rank sum test). The loss of viability of the rpoN mutant in the xenograft indicates that it lacks expression of the genes necessary for colonization of human respiratory epithelium.
Since rpoN controls the expression of у2 virulence factors, including pili and flagella, mutants in genes encoding pilin and a flagellar regulator also were examined in the xenograft model ( figure 5) . Inoculation of the pilA ( ) or fliF ( ) mun p 11 n p 9 tants into NHBE xenograft at densities of to 8.0 ϫ 10 1.73 ϫ 10 6.80 ϫ 10 ϫ 10 resulted in infection of the xenograft, and the recovered bacterial density equaled or exceeded the inoculum in all but 2 xenografts. The mean bacterial density of the pilA and fliF mutants ( cfu for the fliF strain; 6 1.78 ‫ע‬ 3.51 ϫ 10 2.94 ‫ע‬ cfu for the pilA mutant) was not significantly dif- 6 5.38 ϫ 10 ferent from the parent PAK (all ). P 1 .22 Histologically, the lumen of the tracheal matrix contained 2/2 (100) 6/6 (100) 5,200,000 (3,700,000-6,300,000) 1/1 (100) 1/1 (100) NOTE. Data are no. of infected xenografts/total no. of xenografts (%).
mucus and acute inflammatory cells ( figure 3) . Therefore, we estimated the number of PMNL infiltrating xenografts inoculated with the rpoN mutant of P. aeruginosa. The mean PMNL density was cells, significantly less than 5 3 1.18 ϫ 10 ‫ע‬ 1.6 ϫ 10 the infiltrate occurring with infection by wild-type P. aeruginosa PAK ( , Mann-Whitney U-Wilcoxon rank sum test). We P ! .01 did not estimate PMNL density in xenografts inoculated with the fliF or pilA mutants, since they replicated to densities not different from wild-type PAK.
Discussion
Xenografts consisting of a devitalized rat trachea, which served as the matrix, and repopulated with human respiratory epithelial cells, have been used to study transgene delivery [8] , airway surface fluid volume, Cl Ϫ content [15] , and certain metabolic properties of CF respiratory epithelium [16] . Variations of this model, which permit study of organized differentiated respiratory epithelium, include implanting fetal bronchi into the flanks of SCID mice [17] and direct transplantation of a normal or diseased bronchiole into mice that tolerate xenografts [18] .
We were attracted to this model for the study of the pathogenesis of endobronchial infection in CF, because xenografts bearing CF respiratory epithelial cells show abnormalities in airway chloride flux [15] , and because the airway surface fluid from CF xenografts lacks some of the antimicrobial activity found in xenografts bearing normal respiratory epithelial cells [19] . In addition, this model offered the potential of immunologic reconstitution of the SCID mouse with a functional human immune system from the same patient as the respiratory epithelium. We expected that the CF respiratory epithelium would have increased susceptibility to P. aeruginosa infection, such as that seen in patients with CF. Indeed, early in these studies we found a marked difference in the susceptibility of CF xenografts to infection with P. aeruginosa, with an ID 75 of 316 cfu of PAK for the CF grafts, compared with 2487 cfu for non-CF respiratory epithelium [20] . In retrospect, some of the xenografts used in our original report should not have been eligible for inclusion, either because of an inability to document successful repopulation with respiratory epithelial cells or because of contamination (as defined in Methods) of the xenograft with bacteria other than P. aeruginosa.
We did additional studies with strict inclusion criteria and lower initial bacteria inoculum but found no significant difference between the rates of persistent infection and the initial inoculum required to produce a persistent infection in the 2 xenograft types. There are a number of plausible reasons why the non-CF xenografts may have been equally susceptible to bacterial infection as the CF xenografts. In a separate series of experiments, we found that xenografts repopulated with normal or CF fibroblasts were extremely susceptible to P. aeruginosa infection: inocula !10 2 cfu caused infection accompanied by intense infiltration by PMNL (data not shown). This suggests that there may be no difference in the susceptibility of tissue from a patient with CF to that of normal control subjects to P. aeruginosa infection. Alternatively, the host-specific resistance to infection by P. aeruginosa may not be manifested by fibroblasts. Clinical experience suggests the latter explanation.
Others have found that P. aeruginosa adheres to the margins of regenerating respiratory epithelium [21] , has specific adhesins for laminin [22] , avidly adheres to wounded cornea [23] , and binds to type I and II collagen [24] and to fibronectin [25] . Thus, a xenograft may not be completely repopulated with respiratory epithelium but may meet the histologic criteria and produce mucin. This xenograft could contain foci with у1 of these nonepithelial eukaryotic ligands exposed, allowing for P. aeruginosa to adhere and replicate independently of the presence or absence of cells expressing a functional CFTR.
Another important consideration is the defect inherent in the mechanical defense of the xenografted "airway." Normal airway protection from bacterial infection is multifaceted, but mechanical defense via the mucociliary escalator is a requisite. Defective ciliary clearance leads to recurrent infection and chronic bronchitis/bronchiolitis, as illustrated by the naturally occurring disease, primary ciliary dyskinesia (immotile cilia syndrome) [26] . Although the xenografted epithelium contains functional cilia, the ends of the xenograft are attached to silastic tubing. Even if the cilia of the xenograft beat in a uniform direction, moving particulates toward the limit of the graft, the bacteria would eventually encounter the tubing. Once at the tubing, the bacteria would be stopped from further egress, essentially being trapped in the xenograft. This "defect" of the model alone might explain the equal susceptibility of the non-CF and CF xenografts to persistent infection.
Several studies show that P. aeruginosa adheres to eukaryotic cells in culture via its pilus, binding to asialo gangliosides on the cell surface [27, 28] . We sought to explain differences in tissue susceptibility to P. aeruginosa infection seen in patients by microscopically assessing the degree of surface sialylation in CF and normal xenografts with and without infection. By using this semiquantitative survey, we did not find any differences in surface sialic acid between CF and normal cells or sialylation difference in the presence or absence of P. aeruginosa infection. This finding differs from those of others [27, 28] who " is 10,000,000 cfu). 1e ϩ 7 reported increased expression of asialyl GM1 on the apical surface of CF respiratory epithelial cells.
The severity of P. aeruginosa PAK infection-induced inflammation, as assessed by the number of PMNL infiltrating the graft, was not different between CF and non-CF xenografts. We were not able to detect granulocytes in uninfected xenografts, but infected grafts repopulated with human airway epithelial cells were able to recruit mouse granulocytes into the lumen. The chemokine interleukin (IL)-8 is constitutively produced by CF respiratory epithelial cells [29] . The mouse appears to be able to recruit granulocytes even though that chemokine is not present in that species. Comparison of the amino acid sequence of IL-8 and mouse macrophage inflammatory protein (MIP)-2 indicates extensive homology [30] . Thus, the murine MIP-2 receptor may recognize IL-8, attracting granulocytes to the xenograft lumen. Alternatively, another chemotaxin produced by respiratory epithelial cells, such as leukotriene B4, may be the PMNL chemoattractant.
Of the P. aeruginosa mutants tested, only the rpoN mutant decreased in density after inoculation. RpoN is an alternative S factor, whose deletion makes P. aeruginosa glutamine dependent and deficient in the production of several virulence factors: pili, exotoxin A, phospholipase C, and an adhesin for mucin [10] . Chi et al. [31] reported that the same rpoN mutant of P. aeruginosa PAK had decreased adherence to A549 cells; others found that it had decreased ability to adhere to and invade endothelial cells [32] . Considering these pleiotropic phenotypes, it is not surprising that the rpoN mutant of PAK decreased in density after intraluminal inoculation. We excluded the participation of 2 RpoN-regulated virulence traits and adherence via type IV pili and flagellin-related mucin adherence as playing an important role in the infection of xenografts. Thus, it is possible that as yet uncharacterized virulence factors that are controlled by the RpoN S factor play a role in virulence of P. aeruginosa in this model. Also, the same factor may be crucial for the colonization of the respiratory tract of humans. Alter-natively, the poor colonization of the xenograft may be due to the lack of glutamine in the xenograft. The question whether glutamine limitation plays a role in the infection cannot be answered until suitable glutamine-requiring mutants of P. aeruginosa are developed.
In conclusion, xenograft models may be useful for studies of the pathogenesis of lower airway infection in patients with CF. However, the model has several drawbacks, including high labor intensiveness, a requirement for germ-free facilities, and substantial maintenance costs. Although these significant expenditures limit the number of experiments that can be done, the xenograft model may serve as final validation of certain stages in the host-pathogen interaction that was derived through initial observations that used in vitro systems.
